Background: Among African-Americans adults, arterial hypertension is both more prevalent and associated with more complications than among white adults. Hypertension is also epidemic among black adults in sub-Saharan Africa. The treatment of hypertension among black adults may be complicated by lesser response to certain classes of anti-hypertensive agents. Methods: We systematically searched literature for clinical trials of ACE-inhibitors among hypertensive adults comparing blood pressure response between whites and blacks. Meta-analysis was performed to determine the difference in systolic and diastolic blood pressure response. Further analysis including meta-regressions, funnel plots, and one-study-removed analyses were performed to investigate possible sources of heterogeneity or bias.
Background
Hypertension is a growing problem among black adults worldwide. Black adults have the highest age-adjusted rates of hypertension among all racial groups in the United States of America (USA) and Europe. Among black adults in the USA, for example, 44 .4% of men and 43.9% of women have hypertension compared to 33.3% in the general population [1] . Black adults also suffer from increased adverse consequences of hypertension due to: 1) more severe hypertension (>180/110 mmHg), 2) less adequate blood pressure control over the long term, and 3) more comorbid conditions such as diabetes mellitus and chronic kidney disease [2] .
In sub-Saharan Africa, hypertension is epidemic among black adults. Although previously considered rare [3] [4] [5] [6] , the prevalence of hypertension in sub-Saharan Africa is rising rapidly due to the effects of urbanization and industrialization on diet, exercise and obesity [3, 4, 7, 8] . In a recent large community-based study in Tanzania, for example, 21% of black adults between the ages of 35-44 years had hypertension; of these, only 18% were aware of their diagnosis, only 14% were on treatment, and only 5% were controlled [8] . Several studies among black adults in Nigeria and South Africa have consistently reported that 15-20% of all hospital admissions in Africa are due to hypertension-related diagnoses [9] [10] [11] [12] . Autopsy and death certificate studies show that a large proportion of inhospital deaths are hypertension-related even among younger adults [13] [14] [15] [16] .
One frequently cited challenge of treating hypertension among black adults is the lesser blood pressure response to certain medications such as ACE-inhibitors (ACEI) [17] [18] [19] [20] . The objectives of this meta-analysis were to combine all currently available evidence from clinical trials of ACEIs to identify the following: 1) if a significant difference in blood pressure response to ACEIs exists between black and non-black populations, 2) the magnitude of this potential difference and 3) whether this potential difference may be explainable by factors other than race.
Methods
We systematically searched PubMed, EMBASE and Web of Science for any prospective clinical trials providing race specific data on blood pressure lowering during treatment with ACEIs for adults with arterial hypertension on 3 August 2012. The search strategies were created by practicing clinicians and a research librarian and are provided in the Additional file 1: Table S1 . No publication date or publication status restrictions were applied, and all languages were allowed. In addition, reference lists of review articles and the selected articles were searched for additional sources.
Once the systematic literature search was complete, two independent reviewers appraised all articles according to a standard set of inclusion and exclusion criteria. In cases of differing results, a third reviewer adjudicated. In the first step, articles were excluded or included based on a review of their titles and abstracts. The remaining articles were then evaluated in full text. All articles fulfilling the below-mentioned criteria were selected and data were extracted.
Inclusion/exclusion criteria were as follows. The study must be a prospective clinical trial providing race specific data on blood pressure lowering during treatment with ACEI. Study participants must be aged ≥18 years. Studies were included only if they enrolled patients for treatment of confirmed arterial hypertension. In order to evaluate the pure effect of ACEI therapy itself on blood pressure reduction, studies that used combination therapy were excluded from the analysis. The minimum treatment duration was 4 weeks; the minimum patient number was ten.
Two independent reviewers performed data extraction in duplicate. In the case of disagreement, a 3rd reviewer examined the article in order to correct the difference. Data were all entered into a standardized evidence table (see Additional file 2: Table S2 ). The dual primary metameters and measures of variance in this meta-analysis were change in systolic and diastolic blood pressure in mmHg and standard deviation from before start of ACEI treatment to the end of the study period.
The following parameters were also extracted and included in the evidence table: number of patients in each race group, Jadad score (for quality), average age, age difference between races, gender distribution, ACE-inhibitor used and average dose, time interval between start of treatment and blood pressure measurement. Of note, the Jadad score is a standard measure of the quality of clinical trials ranging from 0 (low quality) to 5 (high quality) that takes into account the following components: randomization, blinding, and loss to follow-up [21] . ACE-inhibitor doses were standardized as "enalapril adjusted doses". The doses of fosinopril, quinapril, benazepril and lisinopril were identical to those of enalapril; the trandolapril dose was multiplied by 10; the ramipril dose was multiplied by 4; perindopril doses of 2, 4, 6, and 8 mg and captopril daily doses of 18.75, 37.5, 75, and 150 mg were equivalent to enalapril doses of 5, 10, 20, and 40 mg.
For one study, two references were used for data extraction [22, 23] . For that study, the authors were contacted in order to get the standard deviations of the mean blood pressures. ImageJ (free share software, NIH, USA) was used in two articles to obtain measures of mean and standard deviation from a graph.
The meta-analysis was performed using random effects model. Mean difference and 95% confidence intervals (95% CI) were calculated. We tested for heterogeneity by Q test and I 2 statistics. We assessed possibility of publication bias by evaluating a funnel plot for asymmetry and by Egger's regression intercept. To evaluate the possible sources of heterogeneity we performed metaregression and stratification according to the above-mentioned factors. As two studies in the meta-analysis had a much larger sample sizes than the other studies, we performed a one-study-removed analysis to assess whether the removal of any one study changed the overall results of the meta-analysis.
We hypothesized that black race was associated with a lesser reduction in systolic and diastolic blood pressure in response to ACE-inhibitor therapy. We also hypothesized that possible sources of heterogeneity between studies could include: age, ACE-inhibitor dose, study quality (i.e. Jadad score), treatment duration and/or baseline blood pressure.
Results
Our systematic literature search revealed 909 articles: 252 from PubMed, 137 from Embase and 520 from Web of Science. After removal of duplicates, 795 articles were reviewed on the basis of the title and the abstract. This led to the removal of 734 articles. The 61 remaining articles were examined in full text. Of these, 14 fulfilled the inclusion/exclusion criteria. These 14 articles reported 13 different studies and provided 17 different patient groups for evaluation [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . The main reasons for exclusion are described in Figure 1 . Table 1 shows the characteristics of the 13 clinical trials included in our meta-analysis. Studies recruited between 25 and 8887 patients and were conducted between 1982 and 2009. All but one [34] , were conducted in the USA. The mean age ranged from 47.5 to 66 years and was typical for hypertensive cohorts. A large variety of ACEIs across the recommended dose range were used. See Additional file 2: Table S2 for details regarding study designs and type of ACEI. Table 2 shows the findings of these 13 clinical trials.
Data on systolic blood pressure changes were available from 15 patient groups out of 11 studies. In the pooled analysis, white race was associated with a greater reduction in systolic blood pressure (mean difference 4.64 mmHg (95% CI 3.53 -5.75)). We detected little heterogeneity within this comparison. The I 2 statistic was 24.2 and the Q test was not statistically significant (p = 0.19). The Forest Plot for difference in mean change in systolic blood pressure between whites and blacks is displayed in Figure 2 .
Data on diastolic blood pressure changes were available from 16 patient groups out of 12 studies. In the pooled analysis, white race was associated with a greater reduction in diastolic blood pressure (mean difference 2.82 mmHg (95% CI 2.17 -3.47)). We detected some heterogeneity within this comparison. The I 2 statistic was 59.0 and the Q test was statistically significant (p < 0.0001). The Forest Plot for difference in mean change in diastolic blood pressure between whites and blacks is displayed in Figure 3 . In order to detect potential publication or reporting bias, we performed a separate Funnel Plot analysis for systolic and diastolic blood pressure. Figure 4 shows the Funnel Plots, which did not suggest relevant publication bias. The Eggers Statistics supported this conclusion for the systolic blood pressure (p = .33), whereas it was statistically significant for diastolic blood pressure (p = 0.01).
We performed meta-regression analysis of age, ACEI dosage, duration of therapy, Jadad score and baseline blood pressure with regard to systolic ( Figure 5A ) and diastolic ( Figure 5B ) blood pressure changes. For systolic blood pressure, use of higher doses of ACEIs was associated with a statistically significant lesser difference in mean blood pressure reduction between whites and blacks (p = 0.048). There was also a trend toward the same finding in diastolic blood pressure but this was not statistically significant. None of the other meta-regressions were statistically significant and most other meta-regression variables trended toward even greater difference in mean reduction in blood pressure with greater age, duration of treatment, study quality, and baseline blood pressure. As two studies in the meta-analysis had much larger sample sizes than the other studies, we performed a one-study-removed analysis to assess whether the removal of any one study changed the overall results of the meta-analysis ( Figure 6 ). No change was observed.
Discussion
In this meta-analysis of 13 unique clinical trials of ACEI therapy for hypertensive adults providing race-stratified systolic and/or diastolic blood pressure results, black race was associated with a consistently lesser response in both systolic and diastolic blood pressure after ACEI therapy (4.6 and 2.8 mmHg respectively). The observed differences in blood pressure response are not only statistically significant but also clinically important since a reduction of 4-5 mmHg in SBP and 2-3 mmHg in DBP has been associated with a 8-20% reduction in risk of cardiovascular morbidity and mortality [36] . This difference in BP response is also similar to the hypotensive effect of some classes of anti-hypertensive agents such as beta-blockers [37] . These results provide evidence for recent recommendations that ACEI should not preferred for monotherapy in black adults with uncomplicated hypertension [2, 19] , and that calcium channel blockers and thiazide diuretics may be a better choice [38] . These data have particularly important public health implications for black adults with hypertension in sub-Saharan Africa where hypertension is epidemic and guidelines for the treatment of hypertension must consider cost, availability and population-level, average blood pressure responses [3, 4, 7, 8] .
The difference in blood pressure response to ACEI monotherapy between blacks and whites observed in this Regression of Baseline SBP on Difference in means A B Figure 5 Meta-regression analyses for systolic (A) and diastolic (B) blood pressure. (A) Meta-regression analyses for systolic blood pressure (SBP). The difference in SBP reduction between whites and blacks was significantly blunted by increasing doses of ACE inhibitors (p = 0.048). None of the other associations were statistically significant. Meta-regression analyses for diastolic blood pressure (DBP). (B) Meta-regression analyses for diastolic blood pressure (DBP). None of the associations were statistically significant but there was a trend toward lesser difference in DBP reduction between whites and blacks when greater doses of ACE-inhibitors were used.
meta-analysis appears to be related to race and is not entirely explainable by other factors. One-study-removed analysis and funnel plots showed no evidence of overinfluence by a single study or of publication bias. We also performed careful metaregression to estimate the impact of possible confounders such as age, baseline blood pressure, duration of treatment, study quality and ACEI dose. Of these factors, only ACEI dose had some mitigating effect on the difference in blood pressure response. Higher doses of ACEI may be beneficial among black adults who require ACEI therapy for hypertension although higher doses may be associated with more adverse effects. One additional, possible confounder in the relationship between race and ACE-inhibitor response is salt intake. Three of the studies included in this metaanalysis investigated the impact of salt intake on the Figure 6 One-study-removed analysis for difference in mean reduction of systolic and diastolic blood pressures. One-study-removed analysis for difference in mean reduction of systolic (SBP, above) and diastolic (DBP, below) blood pressure between whites and blacks. Removal of each single study did not change the result of the meta-analysis.
relationship race and ACE-inhibitor with mixed results [31, 34, 35] . The most rigorous of these studies demonstrated that salt-sensitive black adults had a consistently lesser blood pressure response to ACE-inhibitors whether the subjects were consuming a high or low salt diet. It also showed that a low salt diet was associated with less response to ACEIs among all races [31] . The magnitude of the difference in blood pressure response to ACEI therapy observed in this meta-analysis is quantitatively similar to that observed in other literature. In the largest randomized, controlled trial that compared outcomes to ACEI therapy among black and white adults with hypertension (the ALLHAT study), the differences in systolic and diastolic blood pressure response to lisinopril were 5.6 and 2.5 mmHg respectively [39] , almost identical to the differences seen in our meta-analysis. The ALLHAT study was not included in this metaanalysis, though, because many participants received combination therapy and no data for those patients receiving monotherapy were extractable from trial publications. These differences are also similar to the results of 2 prior, smaller meta-analyses of ACEI response in blacks and whites [38, 40] .
It is important to note that the variability of response to ACEI monotherapy is greater within races than between races. As seen in Table 2 , the standard deviation for blood pressure responses among whites and blacks was consistently greater than the difference between these 2 groups. These results affirm the meta-analysis of Sehgal, which showed that the percentage of whites and blacks with similar drug-associated changes in diastolic blood pressure was 90% for diuretics, 90% for beta-blockers, 95% for calcium channel blockers, and 81% for ACEI [40] . Clearly we are, as races, more similar than we are different.
Both the USA JNC-7 guidelines and the UK NICE guidelines have noted the difference in in ACEI response between white and black adults [41, 42] . According to the NICE guidelines, calcium channel blockers are preferred over ACE-inhibitors for monotherapy of uncomplicated hypertension in black adults of any age and in white adults over the age of 55 years [41] . The cutoff of 55 years is an interesting one. Of the studies included in this meta-analysis only 1 looked at the difference in blood pressure response to ACE-inhibitors between blacks and white in different age groups. In this study, the systolic and diastolic blood pressure response to ACEI therapy was similar in younger vs. older whites and younger vs. older black adults and was consistently less in younger and older blacks vs. younger and older whites [29] . The recommendation in the NICE guidelines to prefer calcium channel blockers is also notable and further meta-analysis is needed to better define the relationship between race and blood pressure response to calcium channel blockers.
These findings must also be taken in the context of other clinical trials that have demonstrated the benefit of ACEI therapy among blacks with certain complications such as chronic kidney disease and diabetes mellitus despite lesser reduction in blood pressure [43] . Also, use of ACEIs as part of a combination for treatment of hypertension has proven to be effective among black adults [2] . In fact, according to one meta-analysis, combination therapy including ACEIs may actually result in a greater blood pressure reduction in black adults than white adults [38] . Since black adults are disproportionately affected by heart and kidney disease and many will require at least 2 hypertensive agents for blood pressure control, the use of a combination therapy including an ACE-inhibitor or angiotensin receptor blocker may be particularly beneficial in this population.
This meta-analysis has several important limitations. First, all of the studies included in this meta-analysis except one were done in the USA and therefore may not be applicable to black adults living in other regions such as sub-Saharan Africa. Although this is a limitation, we also believe that this meta-analysis is important in providing context for the much-anticipated results of the first large, randomized, controlled trials of antihypertensive drugs among hypertensive black adults in sub-Saharan Africa [44] . Also, this meta-analysis was performed on pooled study results and not individual level data. The consistency of the difference in mean blood pressure reduction, however, does point to a real difference in reduction by race. Finally, as with any meta-analysis, this study is limited by the variables that were studied and reported in the component trials. Since hypertension is multifactorial, some important confounders such as nutrition, salt intake and handling, nephron number or hormone levels may have been missed.
Conclusion
In conclusion, this study confirms and quantifies the hypothesis that adult black hypertensive patients do generally have a lesser mean reduction in systolic and diastolic blood pressure response to ACEI monotherapy when compared to whites. This meta-analysis provides evidence for current guidelines that recommend that drugs other than ACEI should be preferred for uncomplicated, mild-moderate hypertension in blacks, guidelines that have particular import in sub-Saharan Africa. These results, though, must be taken in the context of other research that provides strong evidence for the benefits of ACEIs in some subgroups of hypertensive black adults, particularly those with certain complications such as chronic kidney disease and diabetes mellitus and those requiring multi-drug therapy for their hypertension. For hypertensive black adults in whom
